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WAN C . ,  SOSEBEE R. E. and McMICHAEL B. L. Drought-induced changes in water relatiom in broom 
snakeweed (Gutierrezia sarothrae) under greenhouse- and field-grown conditions. ENWRONMENTAL AND 
EXeERIMENTAL BOTANY 33, 323--330, 1993. Pressure-volume analyses were done on a half- 
shrub broom snakeweed (Gutierrezia sarothrae) subjected to different soil water regimes under pot- 
and field-grown conditions. Under pot and field conditions, water deficit decreased water and 
osmotic potentials. In the severely droughted pot-grown plants, osmotic potential at thll turgor 
'l-I~0, ) decreased by 0.44 MPa due to reduced symplastic volume, the result of a decreased leaf 
turgid to dry weight (TI4"/1)I'V) ratio. A reduction of 0.86 IVIPa in Fire 0 was observed in the 
field-grown plants subjected to the first drought cycle, but increased cell wall elasticity occurred 
in the second drought cycle. The lowered IIm0 was attributed to osmotic adjustment and reduced 
symplastic volume. High cell walt elasticity in the second drought cycle led to a greater water 
loss and tissue desiccation. It is concluded that osmotic adjustment, increased apoptastic water 
fi'action and more rigid tissue are important dehydration-avoidance mechanisms in broom 
snakewecd. 
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INTRODUCTION 

BROOM snakeweed (Gutierrezia sarolhrae) is a native 
North American plant  ranging ti"om nor thern  
Mexico to southern Canada  and ti~om Texas to 
Calitbrnia. In  the southwestern Uni ted States, 
broom snakeweed is usually evergreen and has 
been identified as the main  brush and weed prob- 
lem where it occurs in great densities and abun-  

dance. Increased density of the plant  has been 
at t r ibuted to overgrazing. '::'I More recently, how- 
ever, its density is more closely associated 
with climatic fluctuations rather than over- 
grazing.'~l'2°: 

Snakeweed competes with desirable grasses and 
often becomes dominan t  on large rangeland 
areas. 27~ Its efficient use of soil water intert>res 
with the growth of grasses in the arid and semiarid 

Abbreviations: Ilmo and II0, respectively, osmotic potential at tull turgor and zero turgor; TW/DW, turgid to 
dry weight ratio; RWC0, relative water content at zero turgor; E, bulk modulus of elasticity; P, bulk turgor 
pressure; IV,, and H\, respectively, relative water fraction of tissue apoplasm and symplasm; Wp/W,, ratio of 
symplastic water loss at zero turgor to the total symplastic water. 
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rangelands? ~" Snakeweed has a shallow fibrous 
root system and the roots can access water and 
nutrients at the same soil depth as most perennial 
grasses. ~' However, during a summer drought,  
when leaves of  most grasses are rolled, snakeweed 
leaves remain turgid, actively growing along with 
honey mosquite (Prosopis glandulosa) - the most 
drought-resistant species in the southwestern 
rangelands. 

In American cold desert, DEPwT and 
CALDWELL '7 tbund that snakeweed had higher 
stomatal conductance and photosynthetic rates 
than the drought-resistant true shrub Arlemis ia  

lridentala. Snakeweed also exhibited less stomatal 
control of  water loss than Artemis ia  and shed leaves 
during the drought  period. Under  water deficit, 
snakeweed had lower plant water potentials than 
A r l e m M a .  '7~ Major die-off of snakeweed occurred 
in the extreme summer drought  of 1984 in New 
Mexico rangelands,'  19 but die-offhas rarely been 
observed during a spring drought.  

HsIAo el al. ~l° tbund thai leaf rolling in rice 
plants can be delayed by osmotic adjustment. 
The maintenance of  turgidity ofsnakeweed leaves 
during soil drying might also be related to the 
same mechanism. The lower water potential in 
snakeweed under water deficit 'r: may indicate a 
lower solute potential which could result ti'om 
reduced symplastic volume and/or  osmotic 
adjustment. It seems likely that changes in water- 
relation parameters are involved in drought-  
resistance mechanisms in snakeweed. However, 
HINC~LEY el al. ;~: questioned the importance of 
osmotic adjustment tbr woody plants. Snakeweed 
is an important  drought-resistant plant species, 
yet little is known about its water relations. Our  
objective was to test the hypothesis that osmotic 
adjustment and changes in water-relation par- 
ameters are dehydrat ion-avoidance mechanisms 
in snakeweed subject to drought.  

M A T E R I A L S  A N D  M E T H O D S  

The study was divided into two parts. A field 
study ".'as initiated in April 1991 and concluded 
in Ju ly  1991 on the Texas Tech University cam- 
pus in Lubbock, TX.  Soil on the site is an Ama- 
rillo fine sandy loam (fine-loamy, mixed, thermic 
Aridic Paleustalfs). The climate of  Lubbock is 
semiarid with an annual precipitation of  450 mm. 

Monthly and annual  precipitation is quite vari- 
able. Usually little precipitation occurs in tile 
early spring; thereibre, the native plants are sub- 
jet ted to water deficit when growth begins in mid- 
April to mid-May.  In 1991 the rainy season 
occurred between mid-May and late June,  
tbllowed by a drought  period in July.  The 
snakeweed plants selected for study were grown 
in a native rangeland. 

In a greenhouse study, mature snakeweed 
plants were transplanted into 19-1 plastic pots 
which were 30 cm high and 29 cm in diameter. 
The pots were filled with Amarillo fine sandy 
loam. Tile plants were grown in the greenhouse 
environment weeks belbre the experiment began. 
Seventy-two plants were randomly divided into 
three groups which were subject to three different 
irrigation treatments: (1) watered (~V~ T) to field 
capacity twice a week; (2) moderately stressed 
(MS) and (3) severely stressed (SS). Treatments  
MS and SS, respectively, received 50 and 25~}{) of 
the irrigation quota of  treatment ~,VD?. 

Six tbliated twig samples for pressure-volume 
(PV) analysis were collected in each treatment; 
one fi~om each individual plant approximately 40 
days after the plants had been subject to the above 
treatments in the greenhouse study. The plant 
samples in the field study were collected once 
every 4 weeks fi'om mid-April to mid-July (the 
vegetative growth stage). Six samples were taken 
at 8.00 a.m. at each collection period. All twig 
samples were sealed in humidified plastic bags, 
and brought to the laboratory as rapidly as poss- 
ible. The twigs were recur under distilled water, 
put into plastic bags, and kept in a dark cabinet 
tbr 3 hr to rehydrate. The rehydrated twig was 
weighed with an analytical scale, and water 
potential was determined with a Scholander-type 
pressure chamber.  Fresh weights of  the twig were 
obtained before and after each determination of  
water potential was made on the twig. For water 
potential determination, the pressure chamber  
was pressurized and depressurized slowly (less 
than 0.3 MPa  per rain). The water expressed at 
each measurement was collected tbr 10 min with 
a piece of filter paper. The pressure chamber  and 
the analytical scale box were lined with wet paper 
towels to keep a high relative humidity in the 
chamber  and the scale box. The pressure 
increment at each determination of water poten- 
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tial was 0.3 M P a  and the m a x i m u m  pressure 
appl ied  to the twig was 4-4.5 MPa .  At  the end of 
the dehydra t ion  procedure ,  the twig was oven- 
dr ied at 75°C tbr 24 hr  for de te rmina t ion  of  its 
dry weight.  

Rela t ive  water  content  (RWC) was de te rmined  
following the method  of  BARRS and WEATHER- 
LEY. 2' Rela t ive  water  content  was plot ted against  
the inverse of  water  potent ia l  and a l inear  
regression fitted to the l inear  segment  of the curve 
at which bulk turgor  pressure became zero. The  
goodness of fit was eva lua ted  based on the cor- 
relat ion coefficient (r) and the l inear  regression 
with the highest r value being used in each indi- 
vidual  analysis. For  most of  the da t a  r > 0.98 was 
ob ta ined  tbr the l inear  regression lines. 

Tissue osmotic potent ia l  at  full turgor  (Fire0) 
and  zero tu rgot  ([I0) , relat ive water  fraction of  the 
tissue apoplasm (EI:~,) and  symplasm (W~) were 
de te rmined  from the PV curves? 24'25 The  bulk 
modulus  of elasticity (E) was defined as d P *  1/7 
dV, '2~: where d P  is the change in turgor  pressure 
tbr a change  in cell volume (V) or tissue water  
content .  Bulk modulus  of  elasticity was calcula ted 
according to the equat ion  E = tan a ,  RWCo, TM 

where tan a is the slope between P ( turgor  pres- 
sure) and  RWC; R147C~ is the RWC at zero turgor.  

At  each sampl ing  date ,  dawn  and m i d d a y  
water  potent ia l  measurements  were taken with a 
pressure chamber  on the same sampl ing  plants. 
Osmot ic  potent ia l  was ca lcula ted  fi'om the PV 
curves. (25 

The  complete  r andomized  design was used in 
the experiments .  The  da t a  were subjected to 
analysis of  var iance,  mean  separa t ion  tests 
(Fisher 's  LSD) and correla t ion analyses with 
a Statist ical  Analysis System (SAS) compute r  
p rogram.  

R E S U L T S  

In the field and greenhouse studies, water  and  
osmotic potent ia l  decreased as soil d r i ed  (Figs 1 
and 2). These figures also show that  zero turgor  
potent ia l  occurred at m i d d a y  dur ing  M a y  and 
Ju ly  droughts  (Fig. 1), and in MS and SS treat-  
ments (Fig. 2), ind ica t ing  that  snakeweed can 
tolerate tissue desiccation. The  osmotic potent ia l  
at tull tu rgo t  and  No decreased as apoplas t ic  
water  fraction (W;,) increased (Tables  1 and 2). 
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FIG. 1. Plant water potential (WP) and osmotic poten- 
tial (11) of broom snakeweed grown in the field and 
measured at dawn and midday. Each datum point is 
an average of three to tbur replications. The vertical 

bars represent -I- 1 S.E. 

The  declines in [Ii00 and I-I 0 have been described 
as an adap t ive  mechanism to water  deficit, '22'25' 
because it can help the p lant  to main ta in  a water  
potent ia l  g rad ien t  and  thus water  flux from 
the soil to the p lant  as the soil dries. Apoplas t ic  
water  fraction was significantly higher  (0.507, 
P ~< 0.05) in the SS pot -grown plants  and  the 
f ield-grown plants  in the d rough ted  M a y  (Tables 
1 and 2). Also, IIJ00 and II0 were both negatively 
corre la ted with W~ (Tables 3 and 4). This indi- 
cates that  increased W~ could at least par t ia l ly  
explain  the observed decline in [ I 1 0 0  ,(17'25J When 
snakeweed suffered water  deficit, some symplast ic  
water  would be redis t r ibuted to apoplasm,  and 
[Ii~0 and II~ decline as a result of  reduced sym- 
plastic volume. 

Apoplas t ic  water  fraction was highly correlated 
with RWCo in field- and pot -grown plants  (Tables 
3 and 4). For  every unit  decline in water  potent ial .  
there was a small  reduct ion in water  content  in 
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Fro. 2. Plant water potential (H:P) and osmotic poten- 
tial (El) o1" broom snakeweed grown in the pots. Each 
datum point is an average ofthrce to four replications. 
The vertical bars represent _+1 S.E. WW, Well- 
watered; MS, moderately stressed; SS, severely 

stressed. 

the water-stressed plants (Fig. 3). A similar 
relationship also occurred in the field-grown 
plants (data not shown). 

The leaf turgid weight to dry weight ( T W /  
D W )  ratio declined as water stress intensified in 
the pot-grown plants (Table 2). The reduction in 
T W / D W  ratio indicates greater cell wall thick- 
ness and rigidity. ~]2 Strong negative correlations 
between THT/DW and HT~, were tbund in field- 
and pot-grown plants (Tables 3 and 4), suggest- 
ing that an increase in W,, was due to greater cell 
wall materials when subjected to water stress. 

The ratio ofsymplastic water loss at zero turgor 
to the total symplastic water (Wp/H~) was highly 
correlated with F[100, E and RI4Y,'(~ (Tables 3 and 
4). More elastic tissue (smaller E) lost a greater 
percentage ofsymplastic water, and had a lower 
RI~T,'0. More water was lost fi'om the symplasm 
at zero turgor in field-grown plants in June  and 

July  than in April and May  (Table 1) because of 
more elastic tissue. 

T H ' / D W  and E in the pot-grown plants 
showed a significant negative correlation (r = 
- 0.65, 1" <~ 0.05, Table 4) suggesting that THe/ 

D H7 is related to rigidity of  cell walls. T W / D  W is 
also significantly correlated with [I100 and RWCo 
in the pot-grown plants (Table 4). A decrease in 
lla0, of  0.44 MPa  was observed in pot-grown 
plants subject to severe water stress as compared 
to the well-watered plants probably due to a 
decrease in T W / I ) W  (Table 2). Neither Flj00 nor 
Ewas  correlated with T W / I ) W i n  the field-grown 
plants (Table 3), which agreed with the work of  
RAsclo el al. on-wheat, c2] However, l-Ira0 in the 
snakeweed during the drought  in May was 0.86 
MPa  (P ~ 0.05, Table 1) lower than that in June  
which was wet. 

Hofler diagrams relating relative symplastic 
water loss to bulk turgot  pressure, bulk osmotic 
potential and water potential for May and July  
(Fig. 4) indicate that turgor pressure was main- 
tained mainly by a lower 1~10 0 in the first drought  
cycle (May), but by increased cell wall elasticity 
in the second drought  cycle (July). Without  the 
seasonal adjustment in [Ii00, positive turgor pres- 
sure would not have been possible in May, 
because the water potential at dawn was - 2 . 7 5  
MPa (Fig. 1), which was lower than [I  0 in April 
( - 2 . 5 1  MPa, Table 1). In July,  turgor pressure 
declined slowly as water potential decreased 
mainly due to increased tissue elasticity (lower E, 
Table 1 ). 

D I S C U S S I O N  

Under  conditions of water deficit, pot- and 
field-grown plants increased the apoplastic water 
tiaction (from 0.20 to 0.50). CUTLER e! al. !< found 
that a high apoplastic water content is often 
associated with drought-adapted plants. IIl00 
declined as tissue symplastic volume reduced in 
pot- and field-grown plants. But in the field- 
grown plants the reduction of Fii00 in May  (0.86 
MPa) was nearly one-fbld greater than that (0.44 
MPa) in the severely stressed pot-grown plants, 
indicating that net solute accumulat ion con- 
tributed substantially to the reduction in IIm0. 

HINCKLEY el al. ~ found that osmotic adjust- 
ment is of  minor importance as a mechanism in 
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Table 1. Water relation parameters offield-grown broom snakeweed plants 

rl,,,,, FI o T W / D W  RWC], E W, Wp/blL 

April 1.99a 2.51a 3.14a 0.826a 9.68a 0.212a 0.222a 
S.D. 0.05 0.015 0.09 0.012 0.75 0.017 0.011 
May 2,71b 3.33b 2.37b 0.888b 19.36b 0.508b 0.227a 
S.D. 0.05 0.236 0.173 0.026 10.33 0.068 0.037 
.June - 1,85c - 2.61a 2.56b 0.784a 5.72a 0.219a 0.300c 
S.D. 0.09 0.24 0.29 0.046 2.05 0.120 0.042 
.July - 1.74c - 2.60a 2.29t) 0.778a 6.41a 0.336a 0.334c 
S.D. 0.11 0.17 0.01 0.044 3.52 0.116 0.023 

S.D., S tandard  deviation. Means  within the same column tbllowed by the same letter are not significantly 
different (P > 0.05, Fisher's least significant difference test). 

Table 2. Water relation parameters of pot-grown broom snakeweed plants 

I-l ,,,,, rl,~ TW/I)  W R I.VG~ E W< lVp/ll( 

WW - 1.91a - 2.37a 3.74a 0.776a 4.71a 0.192a 0.267a 
S.D. 0.164 0.153 0.24 0.011 0.355 0.007 0.018 
MS - 2.23b - 2.82b 3.07b 0.836ab 9.88a 0.234a 0.213a 
S.D. 0.04 0.02 0.13 0.029 2.20 0.119 0.009 
SS - 2.35b - 3.04c 2.88b 0.891 b 33.44b 0.507b 0.192a 
S.D. 0.213 0.16 0.20 0.059 16.32 0.127 0.075 

S.D., S tandard  deviation. Means within the same column followed bv thc same letter are not significantly 
difl~,renI (P > 0.05, Fisher's least significant difference test). 

Table 3. Correlation coefficients in water relation parameters of the field-grown broom snakeweed plants 

FI,,,, H o TW/Dl l  ~ RII%',~ E [ff,, 

FI, .... 0.84I ns - 0.82y - 0 . 7 7 y  0.69] 
FI0 0.50* - 0.55* - 0.72"~ - 0.81 "~ 
TII"/I) IV ns ns - 0.55* 
Rll"(,'~ 0.83+ 0.57* 
E 0.67t  
1K, 

11'/11" 

0.67t  
n s  

n s  

- 0.76+ 
- 0.64+ 

n s  

ns, Non-significant,  *P ~< 0.05, ~P < 0.01 (Pearson correlation procedure).  

t he  d r o u g h t  r e s i s t ance  o f  four  s h r u b  species (Olea 
europaea, Crataegus monogyna, Sorbus aria a n d  Vibur- 
num lanlana). I n  th is  s tudy ,  h o w e v e r ,  t he  d e c r e a s e  
in I-I,)0 in the  field is 0 .86 M P a ,  w h i c h  is sub-  
s t a n t i a l l y  h i g h e r  t h a n  the  0.5 M P a  for the  ever-  
g r e e n  dese r t  species  Larrea lridentata a n d  Alriplex 
pol~carpa. 13.. 

O s m o t i c  a d j u s t m e n t  is g r e a t e r  w h e n  some  
p l a n t s  suf fered  slow ra te s  o f  stress d e v e l o p m e n t  as 
c o m p a r e d  w i t h  r a p i d  ones.  !22i Soil d r y i n g  is s low 

in the  field, b u t  r a p i d  in pots. T h e r e  is a lways  
some  w a t e r  t h a t  c a n  be  e x t r a c t e d  f rom the  subsoi l  
to c o m p e n s a t e  for the  h i g h  cost o f  o smo t i c  ad jus t -  
m e n t .  ~25! W h i l e  in  the  severe ly  s t ressed p o t - g r o w n  
p lan t s ,  t he  a v a i l a b l e  soil w a t e r  is ve ry  l imi t ed ,  
a n d  it is no t  w o r t h w h i l e  for  the  p l a n t  to inves t  its 
e n e r g y  in a process  w h i c h  is un l ike ly  to do  m o r e  
good  t h a n  h a r m .  

T h e r e  was  n o  osmot i c  a d j u s t m e n t  in  the  field- 
g r o w n  p l a n t s  d u r i n g  the  s econd  d r o u g h t  cycle in 
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Table 4. Correlation coe~cienl,~ in water relation parameters of the field-grown broom snakeweed plants 

l-l to. H,, TW/D W R W(.;, E I4,~, Wp/W. 

Hi00 0.72* 0.74"~ - 0 . 8 7 +  - 0 . 7 3 *  - 0 . 5 9 *  0.83~" 
gI~ 0.81 "~ - 0.65* ns - 0.68* ns 
T W / D W  0.85+ 0.65* 0.73* 0.71" 
RWC. 0.90~ 0.83~ 0.90~" 
E 0.79-~ 0.86-~ 
~ ' a  n s  

ns, Non-significant, *P ~< 0.05, ~P < 0.01 (Pearson correlation procedurc). 

Ju ly  (Table  1). This is in contrast  to the results 
as repor ted  by BF~NNERT and MOONEY tbr Larrea 
and Arlriplex species, c~' BOWMAN and ROBERTS for 
evergreen chapa r ra l  shrubs, ~4 and MYERS and 
NEALES for Eucalyplus species. :15 These authors 
fbund that  osmotic potent ia l  tended to decrease 
throughout  the summer  period or dur ing  the 
second drought  cycle• Loss of  capaci ty  for osmotic 
ad jus tment  has been a t t r ibu ted  to aged leaves ~ 14: 
which are often associated with decreased photo-  
synthetic capaci ty  and reduced supply of assim- 
ilates. O u r  unpubl ished da ta  indicate  that  as 
much as 20~:};, of  leaf area  reduct ion occurred 
from June  to July .  In  addi t ion,  the rapid  stem 
elongat ion in J u l y  16.19! demands  great  export  of 
assimilates from the photosynthet ic  tissue, which 
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Fro. 3. Relationship between relative water content 
and water potential for three treatments in the pot 
study. Each datum point is an average of four to six 
replications. The vertical bars represent ___ 1 S.E. WW, 
Well-watered; MS, moderately stressed; SS, severely 

stressed. 

means that  little of  the assimilates was avai lable  
tbr osmotic adjustment .  

Perhaps the most interest ing phenomenon  in 
this s tudy is that  the plants responded differently 
to drought  in the early growing stage (May)  than 
in the later  stage (July). The  bulk modulus  of 
elasticity was high in M a y  ( 19.36 MPa,  Tab le  1 ), 
then declined in the ra iny period (June, 5.72 
MPa,  Tab le  1) and remained low in the sub- 
sequent d rought  period (July, 6.41 MPa ,  Tab le  
1). MYv, Rs and NEALES 15~ suggested that  three 
Eucalyplus species have more elastic tissue when 
subjected to a second drought  cycle. TURNE~ and 
JONES (22! tbund reduced cell size and more elastic 
(:ells l inked to the low T W / D  W ratio under  con- 
ditions of water  deficit. As the plants suffered the 
second drought ,  the cells became smaller  (low 
T I C / D W  ratio, Table  1) which can lead to more 
elastic cells. 

May 

~" 3 July 

0 v  • i • i w • i • 

10  2 0  3 0  40  

(ws-w) /ws (%) 

FIG. 4. Hofler diagrams relating relative symplastic 
water loss ( W s - W ) / W s  to bulk turgor pressure (P), 
bulk osmotic pressure (I-I) and water potential (WP) 
in the first (May) and second (July) drought cycles in 

the field-grown snakeweed plants. 
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The  more elastic tissue in July may  help the 
p lant  to sustain growth by ma in t a in ing  a positive 
turgor  pressure (Fig. 4), but  it can also expose the 
p lan t  to a great  risk of  tissue desiccation. At  zero 
turgor,  30cI,'~, more water  was lost from the sym- 
plasm in J u n e  and Ju ly  than  in Apr i l  and  M a y  
(Table  1). A greater  wate r  loss in June  was bal-  
anced by a rapid  water  up take  from the wet soil, 
but  not dur ing  the d rough ted  July .  In  Ju ly ,  we 
repea ted ly  observed dea th  or quiescence of some 
plants  from soil water  deficit. BARNES et al. ~) found 
that  ozone and /o r  acid mist marked ly  increased 
tissue elasticity of Norway  spruce (Picea abies) and 
enhanced the sensitivity of  the trees to d rought  
damage .  

Because of  less s tomata l  control  over its water  
loss, :7' the p lant  often could not  keep its water  
ba lance  dur ing  the high evapora t ive  demands  of 
Ju ly  and the water  potent ia l  d ropped  to - 4 M P a  
or below in the af ternoon (Fig. 1 ). Wi th  the elastic 
tissue, - 4  M P a  is equivalent  to a RI+(,  of 53.8 .~ 
( -t- 3~Ii, S.E., n = 6, da t a  not  shown). In  the plants  
which la ter  died,  we observed a R W C  of 50°',, 
(___2.8".;, S.E., n = 6) just  before p lan t  death .  
HINCKLEY e! al. :~; found that  the water  potent ia l  
at which irreversible cell d a m a g e  occurred was 
- 4 . 9  M P a  for six deciduous shrub species and 
the corresponding R W C  ranged from 45.7 to 
62.7%. In the samples taken in b room snakeweed 
in Ju ly ,  when ba lance  pressure in the pressure 
chamber  increased to 4.3-4.5 MPa ,  and R W C  
d r opped  to 52-46°o,  the da t a  points devia ted  
ti'om l ineari ty.  Accord ing  to TYREE el a[., !23: this 
indicates tissue death.  

In contrast ,  a water  potent ia l  of - 4  M P a  in 
M a y  corresponds to a R W C  of 82.5"..o (±0 .028 ,  
n - 6, da t a  not shown). Al though M a y  was a very 
dry month  (dawn water  potent ia l  2.75 MPa ,  
Fig. 1), no single p lant  died or became quiescent.  
A similar  phenomenon  occurred in the severely 
stressed pot -grown plants  (Fig. 3). HSIAO et al. t~i 
found that  osmotic ad jus tment  de layed leaf sen- 
escence and tissue dea th  in rice plants.  Osmot ic  
ad jus tment  and /o r  increased W~ appa ren t ly  con- 
t r ibuted  to the survival  of the snakeweed plants  
subiected to drought .  Both of  these mechanisms 
can help the p lan t  to ma in ta in  a steeper water  
potent ia l  g rad ien t  from soil to p lant  with a rela- 
tively small decrease in water  content  as shown 
in Figs 3 and 4. These mechanisms,  therefore, 

represent  an impor t an t  d rought  accl imat ion in 
the snakeweed plant .  P lant  dea th  or quiescence 
in Ju ly  was p robab ly  due to a lack of these mech- 
anisms, since water  stress was no more,  if not less, 
severe in Ju ly  than in M a y  (Fig. 1). 

PIEPER and MCDANIEL clg) stated that  "in 
spite of its compet i t ive  characterist ics,  broom 
snakeweed appears  to be susceptible to drought  
d a m a g e " .  \Vith more elastic cell walls, the 
snakeweed p lant  can main ta in  a fast growth rate 
in the summer,  ~16'181 which makes it more com- 
petit ive,  but  also makes it susceptible to drought  
damage .  Therefore,  we conclude that  in addi t ion 
to osmotic adjus tment ,  the increased apoplast ic  
water  fraction and more  rigid tissue, char-  
acter ized by more water  t ightly bound  to the 
cell wails, are impor t an t  dehydra t ion -avo idance  
mechanisms in b room snakeweed. 
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